Sorbitol-6-phosphate dehydrogenase (S6PDH) is known to be a key enzyme in the biosynthesis of sorbitol, an early product of photosynthesis, common to fruit trees of the Rosaceae family. Effects of low temperature and abscisic acid (ABA) on the expression of the S6PDH gene were investigated in apple leaves. In leaf-disc experiments, the expression of S6PDH was enhanced by an ABA treatment, as well as by low temperature and high-salinity stresses. The level of S6PDH mRNA increased 8 h after the addition of ABA; the highest level of S6PDH mRNA resulted on exposure to 10 µM ABA. The level of S6PDH mRNA in leaves of apple trees growing in an orchard increased with a decrease in temperature in the fall while ABA content increased. This induction may partly be a stress-response to low temperature, a prerequisite for freezing tolerance during the coming winter. Southern blot analysis revealed that S6PDH is a single-copy gene in the apple genome, indicating that it is a unique, multifunctional one, for sorbitol biosynthesis under various stress responses, as well as for the translocation of photosynthates.
Introduction
Soluble carbohydrates increase with a decrease in temperature during the late fall in the Rosaceae that include many fruit species, such as apple, pear, and stone fruits (Palonen and Buszard, 1997) ; these soluble carbohydrates are essential for cold acclimation and initial regrowth in the spring (Brown et al., 1985; Yoshioka et al., 1988) . Sekozawa et al. (2003) reported that an increase in solute content, such as soluble carbohydrates, results in the protection of organs from freezing by a jasmonic acid treatment in Japanese pear trees. S6PDH is known to play a key role in sorbitol biosynthesis in Rosaceae fruit trees in which sorbitol is the primary sugar-alcohol in photosynthesis (Kanayama et al., 1995; Sakanishi et al., 1998) . Deguchi et al. (2002) reported that the level of S6PDH mRNA increases under low temperature stress in peach leaf discs. However, information is scarce on the relationship between S6PDH and low temperatures in Rosaceae fruit trees, as compared to that on the relationship between sucrose phosphate synthase (SPS) and low temperature (Fung et al., 2003; Reimholz et al., 1997; Sasaki et al., 2001) .
Abscisic acid (ABA) has been investigated as a plant hormone that is involved in various environmental stresses. Many genes that are induced by drought and high-salinity stresses are ABA-responsive (Rabbani et al., 2003) . In Rosaceae fruit trees, increases in ABA and soluble carbohydrate contents have been reported under drought conditions (Kobashi et al., 2000; Wang et al., 1987) . In addition to drought and high-salinity stresses, an increase in ABA content as a result of low temperature stress has also been reported in some species; this suggests that ABA is involved in cold acclimation of these plants (Aroca et al., 2003; Lang et al., 1994; Qamaruddin et al., 1993) . Moreover, ABA-deficient and ABA-insensitive Arabidopsis mutants are impaired in their responses to low temperature-induced freezing tolerance (Mantyla et al., 1995) . Although these findings suggest that ABA is involved in responses to low temperature stress, the relationship between ABA and cold acclimation has not been investigated in Rosaceae fruit trees. Deguchi et al. (2002) has already suggested that S6PDH is involved in cold acclimation in peach leaves, but they did not confirm whether ABA was related to it. Therefore, in this study, we show the effects of low temperature and ABA on the expression of S6PDH, which is considered to play a key role in sorbitol biosynthesis.
Materials and Methods

Plant materials
Leaves were sampled from six-year-old apple trees (Malus domestica Borkh. 'Fuji', grafted on M.9, M. prunifolia) grown in the orchard of Tohoku University. Leaves were stored at −80°C and used for RT-PCR and Southern blot analysis. Leaf discs were prepared from dark green, mature leaves and immediately exposed to low temperature, NaCl, or ABA. For northern blot analysis and determination of ABA content, dark green, mature leaves were sampled in the orchard in late September, late October, and late November, and stored at −80°C until use. For Southern blot analysis, leaves were also sampled from six-year-old apple trees (M. domestica Borkh. 'Himekami', grafted on M.9, M. prunifolia) grown in the orchard of Tohoku University.
RT-PCR and Southern blot analysis
The fragment of S6PDH cDNA from 'Fuji' was amplified by RT-PCR using an RNA PCR kit (Takara Bio, Otsu). Degenerated primers were designed from sequences of S6PDH cDNA from apple cotyledons (accession number D11080, Kanayama et al., 1992) and mannose-6-phosphate reductase from celery leaves (U83687). Amino acid sequences used for the primers were WNSDHGHV and TAHTPLGG. The resulting DNA fragment was gel-purified, cloned into pT7Blue T-vector (Novagen, USA), and sequenced.
Genomic DNA extractions from 'Fuji', 'Himekami', and Southern blot analysis were carried out as described in Kanayama et al. (1997) . The cDNA fragment, isolated by RT-PCR, was used for the probe after labeling by using a PCR DIG Probe Synthesis kit (Roche, Switzerland). The sequence for the probe corresponds to nucleotide positions 336-700 of the S6PDH cDNA clone from apple cotyledons.
RNA analysis
RNA was isolated, based on the method of Chang et al. (1993) . Tissues were pulverized in liquid nitrogen, after which RNA was extracted from the powder for 10 min at 65°C with 0.1 M Tris-HCl (pH 9.5) that contained 2% (w/v) cetyltrimethyl-ammonium bromide, 20 mM EDTA, 1.4 M NaCl, and 1% (v/v) βmercaptoethanol. The solution was extracted two times with chloroform: isoamyl alcohol (24:1, v/v). One-fourth volume of 10 M LiCl was then added to the aqueous phase. The RNA was precipitated overnight on ice, harvested by centrifugation, and dissolved in DEPC-H 2 O. Northern blot analysis was carried out as described by Odanaka et al. (2002) . The probe for Southern blot analysis was used in the northern blotting.
Incubation of leaf discs under low temperature and NaCl stresses or with ABA The experiment used leaf discs as described previously (Trotel et al., 1996) . Leaf discs (1 cm diameter) were excised from mature leaves and pre-incubated by gentle shaking in 3 mM HEPES-KOH (pH 6.0) that contained 1.5 mM CaCl 2 and 10 mM KCl (HCK buffer) for 48 h in the dark at 18°C. The leaf discs were then transferred to fresh HCK buffer and gently shaken for 32 h in the dark at 18°C (controls) or at 10/4°C (8/16 h; low temperature treatment). After the incubation, the leaf discs were washed and subjected to RNA extraction and the determination of sorbitol content. For the NaCl treatment, the leaf discs were transferred to HCK buffer that contained 250 mM NaCl after pre-incubation and incubated for 32 h in the dark at 18°C. For the ABA treatment, the leaf discs were transferred to HCK buffer that contained 2 to 200 µM ABA after pre-incubation and incubated for 4 and 8 h in the dark at 18°C.
Determination of sorbitol and ABA contents
Extraction of ABA and determination of ABA content by ELISA were carried out as described by Agrawal et al. (2001) . Extraction of soluble carbohydrates and determination of sorbitol content by HPLC were carried out as described by Suzuki et al. (2001) .
Results and Discussion
Northern blot analysis of apple S6PDH
Deguchi et al. (2002) reported that the induction of S6PDH mRNA is accompanied by increases in the conversion of 14 C-glucose to 14 C-sorbitol, and by increases in sorbitol content in peach leaf discs under low temperatures. Similarly, the level of S6PDH mRNA in this study significantly increased with sorbitol content in apple leaf discs under 10/4°C (Fig. 1) . This result confirms that S6PDH is a cold-inducible gene.
S6PDH is an ABA-inducible gene
The level of S6PDH mRNA was higher in leaf discs immersed in 2 µM ABA than in control leaf discs after 8 h (Fig. 2) . In another leaf disc experiment by Deleu et al. (1999) , two ABA-inducible genes were induced after 2-h incubation with ABA. Although the induction period of expression of ABA-inducible genes is variable, many genes selected by microarray analysis are mostly induced within 10 h (Rabbani et al., 2003) . Eight hours for the expression of S6PDH is an average induction period.
The 10 µM ABA treatment resulted in the highest level of S6PDH mRNA, whereas the level of mRNA was decreased by ≥50 µM ABA (Fig. 2) . The levels of mRNA of some stress-regulated genes in rapeseed and Arabidopsis were highest in treatments of ≥50 µM ABA (Deleu et al., 1999; Stepansky and Galili, 2003) . There are many genes that are strongly induced by 100 µM ABA in rice (Rabbani et al., 2003) . In this study, the optimum concentration of ABA for the induction of S6PDH expression was comparatively low.
Of 36 cold-inducible genes in rice, 47% were induced by ABA (Rabbani et al., 2003) . Furthermore, 88% of the cold-and ABA-inducible genes were induced by high-salinity stress in the same report. The level of S6PDH mRNA was indeed increased by 250 mM NaCl as well as by low temperature and ABA (Fig. 1) . Therefore, we deemed that the ABA-responsive S6PDH could be involved in various environmental stressresponses.
S6PDH expression and ABA content in the leaves of apple trees in an orchard The investigation of S6PDH mRNA in apple leaves in the fall (Fig. 3A) showed that it increased in October, when air temperature fell below 10°C (Fig. 3C) . This response is comparable to the 10/4°C leaf-disc experiment in which the expression of S6PDH was induced. Sorbitol and soluble sugars increase in apple trees in the fall with a decrease in temperature (Brown et al., 1985; Yoshioka et al., 1988) , whereas starch content in the same period increases or decreases only slightly. This fluctuation in soluble carbohydrates cannot be explained by the degradation of starch. Therefore, the induction of S6PDH with a decrease in temperature likely enhances sorbitol biosynthesis and translocation that result in the increase of sorbitol and soluble sugars.
The increase in ABA content in October (Fig. 3B ) might be related to the increase in S6PDH mRNA on account of the lowering temperature, comparable to the induction of S6PDH by low temperature and ABA in our leaf-disc experiments.
Southern blot analyses of apple S6PDH
In spite of the importance of S6PDH in the translocation of photosynthate and stress responses, little information is available about its gene family. In peaches, Southern blot analysis showed bands, suggesting the possibility that peach S6PDH is encoded by a gene family (data not shown). In this study, more than 10 cDNA clones from mature apple leaves, prepared by RT-PCR by using the degenerated primers, had the same nucleotide sequences, which were identical to the sequence of S6PDH cDNA from apple cotyledons. A single band was detected by Southern blot analysis which suggests that apple S6PDH is encoded by a single gene (Fig. 4) .
The expression of S6PDH is usually coordinated with photosynthesis in response to source-sink conversions under unstressed conditions (Sakanishi et al., 1998) . As described in this study, the expression of S6PDH is also induced by low temperature, high salinity, and ABA. On the other hand, SPS plays a key role in the biosynthesis of sucrose, which, like sorbitol, is an early product of photosynthesis in many plants. The expression of SPS is enhanced by low temperature in kiwifruit and potato tubers (Fung et al., 2003; Reimholz et al., 1997) . However, SPS comprises a gene family, and only one member of this family is cold-inducible. Cold-inducible SPS is not a member that plays a major role in sucrose biosynthesis for translocation in potatoes (Reimholz et al., 1997) . It is, therefore, noteworthy that unlike SPS, S6PDH is a unique, multifunctional gene involved in sorbitol biosynthesis in response to various stresses as well as for its translocation in apple.
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